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Abstract—Analog-to-digital converters (ADCs) provide the link
between continuous-time signals and their discrete-time coun-
terparts, and the Shannon-Nyquist sampling theorem provides
the mathematical foundation. Real-world signals have a variable
amplitude range, whereas ADCs, by design, have a limited input
dynamic range, which results in out-of-range signals getting
clipped. In this paper, we propose an unlimited dynamic range
ADC (UDR-ADC) that is based on the modulo operation (self-
reset feature) to alleviate the problem of clipping. The self-
reset feature allows for wrapping of the input amplitudes,
which preserves the input dynamic range. We present the signal
model and a reconstruction technique to recover the original
signal samples from the modulo measurements. We validate the
operation of the proposed ADC using circuit simulations in 65
nm complementary metal-oxide-semiconductor (CMOS) process
technology. The validation is supplemented by a hardware
prototype designed using discrete components. A performance
assessment in terms of area, power requirement, and the signal-
to-quantization-noise ratio (SQNR) shows that the UDR-ADC
outperforms the standard ones.
Index Terms—Analog-to-digital converter (ADC), modulo sam-
pling, self-reset ADC, high-dynamic-range ADC, folding ADC,
quantization.
I. INTRODUCTION
Analog-to-digital converters (ADCs) are ubiquitous in sig-
nal processing and imaging applications. An ADC embodies
the Shannon-Nyquist sampling theorem [1], which provides a
fundamental link between continuous-time signals and their
discrete counterparts. A crucial parameter that limits the
performance of an ADC is the mismatch between the sig-
nal dynamic range and the ADC dynamic range (DR). The
dynamic range, expressed in dB, is the ratio of the largest
signal amplitude to the smallest detectable signal amplitude
that the ADC can accurately resolve. A weak signal might get
lost in the quantization noise whereas a large signal would
drive an ADC into saturation, which clips the signal to a
level determined by the power rails. Clipping is a serious
problem as it is nonlinear, noninvertible, and severely degrades
the spectral content and quality of the digitized signal [2].
Although performance metrics such as sampling rate, power
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Unlimited Dynamic Range (UDR) ADC
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modulo 
operationsampling quantization
Unlimited Dynamic Range (UDR) ADC
x(nT )
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Fig. 1: Block diagram of a UDR-ADC.
dissipation, and resolution have been optimized extensively
[3], [4], an effective solution to the clipping problem has re-
mained relatively unexplored. The objective of this paper is the
development of a novel ADC architecture that overcomes this
limitation. The proposed ADC takes modulo measurements
whenever the signal goes out of range. In principle, such a
design would have an unlimited dynamic range (UDR), from
which the name of the proposed ADC is derived. A block
diagram is shown in Fig. 1, wherein Vref is the reference
voltage against which the modulo is computed, both on the
positive and negative voltage swings — this process is referred
to as modulo sampling in this paper. Figure 2 shows the
input-output characteristics of the modulo sampler and also
illustrates the advantage of the UDR.
The modulo operation on a sampled input analog signal
x(nT ), T being the sampling interval, is expressed as
y(nT ) =MVref {x(nT )},where (1)
MVref {x(nT )} := mod (x(nT ) + Vref , 2Vref )− Vref . (2)
Subtraction of Vref in (2) ensures that the modulo signal is
centered about zero. The signal y(nT ) is quantized to obtain
the samples y[n]:
y[n] := Q{y(nT )} = Q{MVref {x(nT )}} ,
where Q denotes the quantization operator. Effectively, the
modulo folds the signal back to the quantizer dynamic range.
Before proceeding further, we review the state-of-the-art
ADCs that incorporate the folding feature. Such ADCs are
referred to as folding ADCs, self-reset ADCs, or modulo
ADCs.
A. State of the Art
The early self-reset ADCs were developed primarily for
image sensing applications by incorporating pixel-level self-
reset either by using a comparator or a Schmitt trigger circuit
[5]–[10]. Rhee and Joo [5] proposed a design for high-
dynamic-range (HDR) imaging with the reset feature and a
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<latexit sha1_base 64="TbX4v6QpQ5C3qI2kfW6/oNCxkio=">A AAJlHiclVZtb9s2EFbbvcTeW9sB+7IvxFIDQ 5EYVtouQ7EABdIVKVAMXbqkXSIjoKSTzJmi VJKK4xH6Ffu6/bD9mx0lOdFLMrgEZBO84/M c74539DPOlJ5M/r11+85HH3/y6cZg+NnnX3z 51d17949VmssAjoKUp/KdTxVwJuBIM83hXS aBJj6Ht/5838rfnoNULBW/6WUG04TGgkUso BqXft8+PjMSomJ4dndzMp6Ug/Qnbj3ZdOrx +uzeRu6FaZAnIHTAqVKn7iTTU0OlZgGHYujl CjIazGkMprSzICNcCkmUSvyEJuXqcGS8cnI qY39qJuMnJdNWb9JGpIlSy8RHzITqmerK7O J1stNcRz9ODRNZrkEElUlRzolOiXUPCZmEQP MloUGAJ8upRotbCCqgHMI9d2pmwM9Bo10SB CyCNEmoCI0X0YTxZQgRzbkujKei1Xw4Go5I GRNFUJX4Oeeg1VNc91AHQ1h6wiR5nPKwMOi Rwrjogd0nW/b8HR0Jy1oHfbRVf6jWNMbnOVQ 0aEnbTk59TBsNCSvqEBirXRBP5hyMZYWLYv VfdIAt+/rAtbVrQuPhPwjaOms9aJ9jFD/EH 6j+P9BtAD0DlfsK8wevVmGI8WYKswYemu3J+ Afc0vYyJinn5EFlk3qfUwkPrnbsWApyE8eN NLtXNJc+10wsb+R5tOJpslT4xSkmuXfF9dB clyeu9Yn9qTFtMpaYNvPJpns9eodgXY4GSRW MFUc3ziy2kbQExNjQSqwL6xi/fWl9BUvauB mVTdz1LLWhrPFIWQLeZBAwyomtYCmv7n+Th YnDwv4SzxYw3zeH3fMxcdLWOOlq7GNmrIT7 XeFhQ9jDPmkIe7AHjPsg9UoFa6E56OrAeyxU NjQaE04CN945dgXJqIixMZg91G9veJVmBXp TJuRVF+v5peh5V/TyUvSyKwqZ0LUs7LG9wN 7JQDaP8KIXaP/C7sfohFWQyEUvxeYdjXlPY9 HR8NIEYmoNGm2Xg7wBjbczJnitSYbdhSj2J xDQwRjH0FOADV3EelZlngjBnmsSJL26sHoD KC1x9wxzcLzTMUdTv2gUC0x0xMGe1GTRcKE XLNQW4DGKCRkRFpFlmhMB2AmxTdLwj1zp0uJ Sk6QRTkSYLtpQaLCas8zWy5020oJi80ckDJ JMwzzAU6NJ1g0+6AWAQFdIGkua2eZ9adLeo 118YeBDxe0+S/qT452xOxm7vz7efPa0frJsO N863znfO66z6zxzDpzXzpETOInzl/O388/g m8FPg/3Bz5Xq7Vv1nq+d1hj88h8fbHfI</l atexit><latexit sha1_base 64="TbX4v6QpQ5C3qI2kfW6/oNCxkio=">A AAJlHiclVZtb9s2EFbbvcTeW9sB+7IvxFIDQ 5EYVtouQ7EABdIVKVAMXbqkXSIjoKSTzJmi VJKK4xH6Ffu6/bD9mx0lOdFLMrgEZBO84/M c74539DPOlJ5M/r11+85HH3/y6cZg+NnnX3z 51d17949VmssAjoKUp/KdTxVwJuBIM83hXS aBJj6Ht/5838rfnoNULBW/6WUG04TGgkUso BqXft8+PjMSomJ4dndzMp6Ug/Qnbj3ZdOrx +uzeRu6FaZAnIHTAqVKn7iTTU0OlZgGHYujl CjIazGkMprSzICNcCkmUSvyEJuXqcGS8cnI qY39qJuMnJdNWb9JGpIlSy8RHzITqmerK7O J1stNcRz9ODRNZrkEElUlRzolOiXUPCZmEQP MloUGAJ8upRotbCCqgHMI9d2pmwM9Bo10SB CyCNEmoCI0X0YTxZQgRzbkujKei1Xw4Go5I GRNFUJX4Oeeg1VNc91AHQ1h6wiR5nPKwMOi Rwrjogd0nW/b8HR0Jy1oHfbRVf6jWNMbnOVQ 0aEnbTk59TBsNCSvqEBirXRBP5hyMZYWLYv VfdIAt+/rAtbVrQuPhPwjaOms9aJ9jFD/EH 6j+P9BtAD0DlfsK8wevVmGI8WYKswYemu3J+ Afc0vYyJinn5EFlk3qfUwkPrnbsWApyE8eN NLtXNJc+10wsb+R5tOJpslT4xSkmuXfF9dB clyeu9Yn9qTFtMpaYNvPJpns9eodgXY4GSRW MFUc3ziy2kbQExNjQSqwL6xi/fWl9BUvauB mVTdz1LLWhrPFIWQLeZBAwyomtYCmv7n+Th YnDwv4SzxYw3zeH3fMxcdLWOOlq7GNmrIT7 XeFhQ9jDPmkIe7AHjPsg9UoFa6E56OrAeyxU NjQaE04CN945dgXJqIixMZg91G9veJVmBXp TJuRVF+v5peh5V/TyUvSyKwqZ0LUs7LG9wN 7JQDaP8KIXaP/C7sfohFWQyEUvxeYdjXlPY9 HR8NIEYmoNGm2Xg7wBjbczJnitSYbdhSj2J xDQwRjH0FOADV3EelZlngjBnmsSJL26sHoD KC1x9wxzcLzTMUdTv2gUC0x0xMGe1GTRcKE XLNQW4DGKCRkRFpFlmhMB2AmxTdLwj1zp0uJ Sk6QRTkSYLtpQaLCas8zWy5020oJi80ckDJ JMwzzAU6NJ1g0+6AWAQFdIGkua2eZ9adLeo 118YeBDxe0+S/qT452xOxm7vz7efPa0frJsO N863znfO66z6zxzDpzXzpETOInzl/O388/g m8FPg/3Bz5Xq7Vv1nq+d1hj88h8fbHfI</l atexit><latexit sha1_base 64="TbX4v6QpQ5C3qI2kfW6/oNCxkio=">A AAJlHiclVZtb9s2EFbbvcTeW9sB+7IvxFIDQ 5EYVtouQ7EABdIVKVAMXbqkXSIjoKSTzJmi VJKK4xH6Ffu6/bD9mx0lOdFLMrgEZBO84/M c74539DPOlJ5M/r11+85HH3/y6cZg+NnnX3z 51d17949VmssAjoKUp/KdTxVwJuBIM83hXS aBJj6Ht/5838rfnoNULBW/6WUG04TGgkUso BqXft8+PjMSomJ4dndzMp6Ug/Qnbj3ZdOrx +uzeRu6FaZAnIHTAqVKn7iTTU0OlZgGHYujl CjIazGkMprSzICNcCkmUSvyEJuXqcGS8cnI qY39qJuMnJdNWb9JGpIlSy8RHzITqmerK7O J1stNcRz9ODRNZrkEElUlRzolOiXUPCZmEQP MloUGAJ8upRotbCCqgHMI9d2pmwM9Bo10SB CyCNEmoCI0X0YTxZQgRzbkujKei1Xw4Go5I GRNFUJX4Oeeg1VNc91AHQ1h6wiR5nPKwMOi Rwrjogd0nW/b8HR0Jy1oHfbRVf6jWNMbnOVQ 0aEnbTk59TBsNCSvqEBirXRBP5hyMZYWLYv VfdIAt+/rAtbVrQuPhPwjaOms9aJ9jFD/EH 6j+P9BtAD0DlfsK8wevVmGI8WYKswYemu3J+ Afc0vYyJinn5EFlk3qfUwkPrnbsWApyE8eN NLtXNJc+10wsb+R5tOJpslT4xSkmuXfF9dB clyeu9Yn9qTFtMpaYNvPJpns9eodgXY4GSRW MFUc3ziy2kbQExNjQSqwL6xi/fWl9BUvauB mVTdz1LLWhrPFIWQLeZBAwyomtYCmv7n+Th YnDwv4SzxYw3zeH3fMxcdLWOOlq7GNmrIT7 XeFhQ9jDPmkIe7AHjPsg9UoFa6E56OrAeyxU NjQaE04CN945dgXJqIixMZg91G9veJVmBXp TJuRVF+v5peh5V/TyUvSyKwqZ0LUs7LG9wN 7JQDaP8KIXaP/C7sfohFWQyEUvxeYdjXlPY9 HR8NIEYmoNGm2Xg7wBjbczJnitSYbdhSj2J xDQwRjH0FOADV3EelZlngjBnmsSJL26sHoD KC1x9wxzcLzTMUdTv2gUC0x0xMGe1GTRcKE XLNQW4DGKCRkRFpFlmhMB2AmxTdLwj1zp0uJ Sk6QRTkSYLtpQaLCas8zWy5020oJi80ckDJ JMwzzAU6NJ1g0+6AWAQFdIGkua2eZ9adLeo 118YeBDxe0+S/qT452xOxm7vz7efPa0frJsO N863znfO66z6zxzDpzXzpETOInzl/O388/g m8FPg/3Bz5Xq7Vv1nq+d1hj88h8fbHfI</l atexit><latexit sha1_base 64="TbX4v6QpQ5C3qI2kfW6/oNCxkio=">A AAJlHiclVZtb9s2EFbbvcTeW9sB+7IvxFIDQ 5EYVtouQ7EABdIVKVAMXbqkXSIjoKSTzJmi VJKK4xH6Ffu6/bD9mx0lOdFLMrgEZBO84/M c74539DPOlJ5M/r11+85HH3/y6cZg+NnnX3z 51d17949VmssAjoKUp/KdTxVwJuBIM83hXS aBJj6Ht/5838rfnoNULBW/6WUG04TGgkUso BqXft8+PjMSomJ4dndzMp6Ug/Qnbj3ZdOrx +uzeRu6FaZAnIHTAqVKn7iTTU0OlZgGHYujl CjIazGkMprSzICNcCkmUSvyEJuXqcGS8cnI qY39qJuMnJdNWb9JGpIlSy8RHzITqmerK7O J1stNcRz9ODRNZrkEElUlRzolOiXUPCZmEQP MloUGAJ8upRotbCCqgHMI9d2pmwM9Bo10SB CyCNEmoCI0X0YTxZQgRzbkujKei1Xw4Go5I GRNFUJX4Oeeg1VNc91AHQ1h6wiR5nPKwMOi Rwrjogd0nW/b8HR0Jy1oHfbRVf6jWNMbnOVQ 0aEnbTk59TBsNCSvqEBirXRBP5hyMZYWLYv VfdIAt+/rAtbVrQuPhPwjaOms9aJ9jFD/EH 6j+P9BtAD0DlfsK8wevVmGI8WYKswYemu3J+ Afc0vYyJinn5EFlk3qfUwkPrnbsWApyE8eN NLtXNJc+10wsb+R5tOJpslT4xSkmuXfF9dB clyeu9Yn9qTFtMpaYNvPJpns9eodgXY4GSRW MFUc3ziy2kbQExNjQSqwL6xi/fWl9BUvauB mVTdz1LLWhrPFIWQLeZBAwyomtYCmv7n+Th YnDwv4SzxYw3zeH3fMxcdLWOOlq7GNmrIT7 XeFhQ9jDPmkIe7AHjPsg9UoFa6E56OrAeyxU NjQaE04CN945dgXJqIixMZg91G9veJVmBXp TJuRVF+v5peh5V/TyUvSyKwqZ0LUs7LG9wN 7JQDaP8KIXaP/C7sfohFWQyEUvxeYdjXlPY9 HR8NIEYmoNGm2Xg7wBjbczJnitSYbdhSj2J xDQwRjH0FOADV3EelZlngjBnmsSJL26sHoD KC1x9wxzcLzTMUdTv2gUC0x0xMGe1GTRcKE XLNQW4DGKCRkRFpFlmhMB2AmxTdLwj1zp0uJ Sk6QRTkSYLtpQaLCas8zWy5020oJi80ckDJ JMwzzAU6NJ1g0+6AWAQFdIGkua2eZ9adLeo 118YeBDxe0+S/qT452xOxm7vz7efPa0frJsO N863znfO66z6zxzDpzXzpETOInzl/O388/g m8FPg/3Bz5Xq7Vv1nq+d1hj88h8fbHfI</l atexit>
S-ADC: standard ADC
UDR-ADC: unlimited dynamic range ADC
<latexit sha1_base64="zph7B4tcD+Xwri YDyT41mOvkIZU=">AAAJyXiclVbdb9s2EFe7r9j7aNo97oVYamAoEsNyPzIUC9AhQZFifeiS pS0SGQElnW3OFKWQVGyX0NP+k/01e93e9t/sKMmJPpLBJSCZ5h1/v+Pd6Y5+wpnSg8G/d+5 +8ulnn3+x0el++dXX39zbvP/grYpTGcBJEPNYvvepAs4EnGimObxPJNDI5/DOn+1b+btLkIr F4je9TGAU0YlgYxZQjUvnmz8d7/x8sP+cKE1FSGVI8B/xvO7JwVEhSAVnEdMQknApaMQCIq mYgNXrnm9uDfqDfJD2xC0nW0453pzf30i9MA7SCIQOOFXqzB0kemSo1CzgkHW9VEFCgxmdgM kPl5EeLoVkHEt8hCb5ardnvHxyJif+yAz6T3Om7dakjkgjpZaRj5gR1VPVlNnFm2RnqR7/O DJMJKkGERQmjVNOdEysT0nIJASaLwkNAjxZSq27aggqoBzCPXdkpsAvQaNdEgTMgziK0PHGG 6Nr+TKEMU25zoynxqt5t9ftkTyQiqAq8VPOQavnuO6hDsY994SJ0knMw8ygRzLjogd2n27b 8zd0JCxLHfTRdvmgWtUYn6dQ0KAldTs59THXNEQsK0NgrHZGPJlyMJYVFtnqN2sAW/b1gUt r14TGw38UtHXWetA+xyh+jD9Q/X+g6wB6Cir1FeYPfo+ZIcabKswaeGR2Bv1nuKXuZUxSzsn DwiZ1kVIJD693DC0FuY3jVprda5orn2smlrfyPF7xVFkK/OwMk9y75npkbsoT1/rEvkpMm4 w5ps18suXejN4gWJejQlIEY8XRjDOb2EhaAmJsaCXWhXWM37myvoAlddyEyiruepbaUJZ4JC 8BxwkEjHJiK1jMi++/ysLEUWbfxLMFzPfNUfN8TJzWNU6bGvuYGSvhflN4VBG2sE8rwhbsI eM+SL1SwVpoDps6cIGFyoZGY8JJ4Ma7xK4gGTYbbAxmD/XrG17HSYbelBF53cQ6uBIdNEWvr kSvmqKQCV3KwhbbS2y4DGT1CC9bgfYXdj9GJyyCRBatFJs1NGYtjXlDw4sjmFBrUG8nH+QY NH6dE4KfNUmwuxDFPgABHfRxdD0FeAsQEz0tMk+EYM81CKJWXVhdHJSWuHuKOdgfNszR1M8q xQITHXGwJ1VZNCz0nIXaAjxBMSE9wsZkGadEAHZCbJM0/D1VOrc41yTxGCcijOd1KDRYzVh i6+WwjjSn2PwRCYMk4zAN8NRoknWDD3oOINAVkk4kTWzzvjJp7/Eu3jDwouI2ryXtydth3x3 03V+HWy+elFeWDec753vnB8d1dp0XzqHzxjlxAudP5y/nb+efzi+di86i86FQvXun3POtUx udP/4D9WWJtA==</latexit><latexit sha1_base64="zph7B4tcD+Xwri YDyT41mOvkIZU=">AAAJyXiclVbdb9s2EFe7r9j7aNo97oVYamAoEsNyPzIUC9AhQZFifeiS pS0SGQElnW3OFKWQVGyX0NP+k/01e93e9t/sKMmJPpLBJSCZ5h1/v+Pd6Y5+wpnSg8G/d+5 +8ulnn3+x0el++dXX39zbvP/grYpTGcBJEPNYvvepAs4EnGimObxPJNDI5/DOn+1b+btLkIr F4je9TGAU0YlgYxZQjUvnmz8d7/x8sP+cKE1FSGVI8B/xvO7JwVEhSAVnEdMQknApaMQCIq mYgNXrnm9uDfqDfJD2xC0nW0453pzf30i9MA7SCIQOOFXqzB0kemSo1CzgkHW9VEFCgxmdgM kPl5EeLoVkHEt8hCb5ardnvHxyJif+yAz6T3Om7dakjkgjpZaRj5gR1VPVlNnFm2RnqR7/O DJMJKkGERQmjVNOdEysT0nIJASaLwkNAjxZSq27aggqoBzCPXdkpsAvQaNdEgTMgziK0PHGG 6Nr+TKEMU25zoynxqt5t9ftkTyQiqAq8VPOQavnuO6hDsY994SJ0knMw8ygRzLjogd2n27b 8zd0JCxLHfTRdvmgWtUYn6dQ0KAldTs59THXNEQsK0NgrHZGPJlyMJYVFtnqN2sAW/b1gUt r14TGw38UtHXWetA+xyh+jD9Q/X+g6wB6Cir1FeYPfo+ZIcabKswaeGR2Bv1nuKXuZUxSzsn DwiZ1kVIJD693DC0FuY3jVprda5orn2smlrfyPF7xVFkK/OwMk9y75npkbsoT1/rEvkpMm4 w5ps18suXejN4gWJejQlIEY8XRjDOb2EhaAmJsaCXWhXWM37myvoAlddyEyiruepbaUJZ4JC 8BxwkEjHJiK1jMi++/ysLEUWbfxLMFzPfNUfN8TJzWNU6bGvuYGSvhflN4VBG2sE8rwhbsI eM+SL1SwVpoDps6cIGFyoZGY8JJ4Ma7xK4gGTYbbAxmD/XrG17HSYbelBF53cQ6uBIdNEWvr kSvmqKQCV3KwhbbS2y4DGT1CC9bgfYXdj9GJyyCRBatFJs1NGYtjXlDw4sjmFBrUG8nH+QY NH6dE4KfNUmwuxDFPgABHfRxdD0FeAsQEz0tMk+EYM81CKJWXVhdHJSWuHuKOdgfNszR1M8q xQITHXGwJ1VZNCz0nIXaAjxBMSE9wsZkGadEAHZCbJM0/D1VOrc41yTxGCcijOd1KDRYzVh i6+WwjjSn2PwRCYMk4zAN8NRoknWDD3oOINAVkk4kTWzzvjJp7/Eu3jDwouI2ryXtydth3x3 03V+HWy+elFeWDec753vnB8d1dp0XzqHzxjlxAudP5y/nb+efzi+di86i86FQvXun3POtUx udP/4D9WWJtA==</latexit><latexit sha1_base64="zph7B4tcD+Xwri YDyT41mOvkIZU=">AAAJyXiclVbdb9s2EFe7r9j7aNo97oVYamAoEsNyPzIUC9AhQZFifeiS pS0SGQElnW3OFKWQVGyX0NP+k/01e93e9t/sKMmJPpLBJSCZ5h1/v+Pd6Y5+wpnSg8G/d+5 +8ulnn3+x0el++dXX39zbvP/grYpTGcBJEPNYvvepAs4EnGimObxPJNDI5/DOn+1b+btLkIr F4je9TGAU0YlgYxZQjUvnmz8d7/x8sP+cKE1FSGVI8B/xvO7JwVEhSAVnEdMQknApaMQCIq mYgNXrnm9uDfqDfJD2xC0nW0453pzf30i9MA7SCIQOOFXqzB0kemSo1CzgkHW9VEFCgxmdgM kPl5EeLoVkHEt8hCb5ardnvHxyJif+yAz6T3Om7dakjkgjpZaRj5gR1VPVlNnFm2RnqR7/O DJMJKkGERQmjVNOdEysT0nIJASaLwkNAjxZSq27aggqoBzCPXdkpsAvQaNdEgTMgziK0PHGG 6Nr+TKEMU25zoynxqt5t9ftkTyQiqAq8VPOQavnuO6hDsY994SJ0knMw8ygRzLjogd2n27b 8zd0JCxLHfTRdvmgWtUYn6dQ0KAldTs59THXNEQsK0NgrHZGPJlyMJYVFtnqN2sAW/b1gUt r14TGw38UtHXWetA+xyh+jD9Q/X+g6wB6Cir1FeYPfo+ZIcabKswaeGR2Bv1nuKXuZUxSzsn DwiZ1kVIJD693DC0FuY3jVprda5orn2smlrfyPF7xVFkK/OwMk9y75npkbsoT1/rEvkpMm4 w5ps18suXejN4gWJejQlIEY8XRjDOb2EhaAmJsaCXWhXWM37myvoAlddyEyiruepbaUJZ4JC 8BxwkEjHJiK1jMi++/ysLEUWbfxLMFzPfNUfN8TJzWNU6bGvuYGSvhflN4VBG2sE8rwhbsI eM+SL1SwVpoDps6cIGFyoZGY8JJ4Ma7xK4gGTYbbAxmD/XrG17HSYbelBF53cQ6uBIdNEWvr kSvmqKQCV3KwhbbS2y4DGT1CC9bgfYXdj9GJyyCRBatFJs1NGYtjXlDw4sjmFBrUG8nH+QY NH6dE4KfNUmwuxDFPgABHfRxdD0FeAsQEz0tMk+EYM81CKJWXVhdHJSWuHuKOdgfNszR1M8q xQITHXGwJ1VZNCz0nIXaAjxBMSE9wsZkGadEAHZCbJM0/D1VOrc41yTxGCcijOd1KDRYzVh i6+WwjjSn2PwRCYMk4zAN8NRoknWDD3oOINAVkk4kTWzzvjJp7/Eu3jDwouI2ryXtydth3x3 03V+HWy+elFeWDec753vnB8d1dp0XzqHzxjlxAudP5y/nb+efzi+di86i86FQvXun3POtUx udP/4D9WWJtA==</latexit><latexit sha1_base64="zph7B4tcD+Xwri YDyT41mOvkIZU=">AAAJyXiclVbdb9s2EFe7r9j7aNo97oVYamAoEsNyPzIUC9AhQZFifeiS pS0SGQElnW3OFKWQVGyX0NP+k/01e93e9t/sKMmJPpLBJSCZ5h1/v+Pd6Y5+wpnSg8G/d+5 +8ulnn3+x0el++dXX39zbvP/grYpTGcBJEPNYvvepAs4EnGimObxPJNDI5/DOn+1b+btLkIr F4je9TGAU0YlgYxZQjUvnmz8d7/x8sP+cKE1FSGVI8B/xvO7JwVEhSAVnEdMQknApaMQCIq mYgNXrnm9uDfqDfJD2xC0nW0453pzf30i9MA7SCIQOOFXqzB0kemSo1CzgkHW9VEFCgxmdgM kPl5EeLoVkHEt8hCb5ardnvHxyJif+yAz6T3Om7dakjkgjpZaRj5gR1VPVlNnFm2RnqR7/O DJMJKkGERQmjVNOdEysT0nIJASaLwkNAjxZSq27aggqoBzCPXdkpsAvQaNdEgTMgziK0PHGG 6Nr+TKEMU25zoynxqt5t9ftkTyQiqAq8VPOQavnuO6hDsY994SJ0knMw8ygRzLjogd2n27b 8zd0JCxLHfTRdvmgWtUYn6dQ0KAldTs59THXNEQsK0NgrHZGPJlyMJYVFtnqN2sAW/b1gUt r14TGw38UtHXWetA+xyh+jD9Q/X+g6wB6Cir1FeYPfo+ZIcabKswaeGR2Bv1nuKXuZUxSzsn DwiZ1kVIJD693DC0FuY3jVprda5orn2smlrfyPF7xVFkK/OwMk9y75npkbsoT1/rEvkpMm4 w5ps18suXejN4gWJejQlIEY8XRjDOb2EhaAmJsaCXWhXWM37myvoAlddyEyiruepbaUJZ4JC 8BxwkEjHJiK1jMi++/ysLEUWbfxLMFzPfNUfN8TJzWNU6bGvuYGSvhflN4VBG2sE8rwhbsI eM+SL1SwVpoDps6cIGFyoZGY8JJ4Ma7xK4gGTYbbAxmD/XrG17HSYbelBF53cQ6uBIdNEWvr kSvmqKQCV3KwhbbS2y4DGT1CC9bgfYXdj9GJyyCRBatFJs1NGYtjXlDw4sjmFBrUG8nH+QY NH6dE4KfNUmwuxDFPgABHfRxdD0FeAsQEz0tMk+EYM81CKJWXVhdHJSWuHuKOdgfNszR1M8q xQITHXGwJ1VZNCz0nIXaAjxBMSE9wsZkGadEAHZCbJM0/D1VOrc41yTxGCcijOd1KDRYzVh i6+WwjjSn2PwRCYMk4zAN8NRoknWDD3oOINAVkk4kTWzzvjJp7/Eu3jDwouI2ryXtydth3x3 03V+HWy+elFeWDec753vnB8d1dp0XzqHzxjlxAudP5y/nb+efzi+di86i86FQvXun3POtUx udP/4D9WWJtA==</latexit>
yUDR-ADC[n]
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Fig. 2: [Color online] Input-output characteristics of a UDR-
ADC. A standard ADC results in clipping (yS-ADC[n], shown in
blue) whenever the input x(t) goes beyond its dynamic range,
whereas a UDR-ADC folds it back (yUDR-ADC[n], shown in
red), thus preserving the input signal up to a modulo.
time-to-digital converter that also increases the peak signal-to-
noise ratio (SNR). The CMOS sensor in their design consists
of a capacitor for each pixel that integrates the photocurrent.
Whenever the voltage of the capacitor reaches a predefined
threshold, the capacitor discharges to its initial voltage and
starts charging again due to the accumulation of photons. A
counter keeps track of the number of resets of a particular
pixel. Sasagawa et al. [6] demonstrated the application of a
CMOS image sensor with the self-reset feature for functional
brain imaging. Yuan et al. [7] proposed a variant that uses
column-wise ADCs instead of pixel-level ones in order to
reduce the area and complexity. Since the signal acquisition
is based on the photodiode current, such self-reset ADC
architectures are specifically applicable for image sensing and
the frame rate is limited by the capacitor charge/discharge
times. Further, in order to undo the reset operation, one is
required to transmit the number of resets at a pixel level. If
the number of resets is large, transmitting the side-information
would be a significant overhead. In contrast, the proposed
architecture keeps track of the reset information using only two
bits for encoding three possible states: positive reset, negative
reset, or no reset.
General purpose folding ADCs have been introduced in
[11]–[14] wherein m out of n bits are used to count the
number of foldings and they constitute the most significant
bits (MSBs). The remaining n − m bits encode the residual
voltage and constitute the least significant bits (LSBs). A
review of various folding ADCs is available in the article by
Kester [15]. Folding ADCs require the input signal to be held
constant for the entire duration of conversion thus limiting the
sampling rate. For a given number of bits, a folding ADC
does not provide a dynamic range advantage over a standard
ADC. Recently, Ordentlich et al. [16] proposed a phase-based
modulo ADC as an alternative to Σ −∆ converters with the
goal of reducing the number of quantization levels and thereby
the number of bits used for encoding. However, they did not
demonstrate any circuit-level feasibility or implementation.
B. Our Contribution
We propose a generic UDR-ADC architecture that incor-
porates the self-reset feature by means of a custom-designed
modulo circuit. The achievable dynamic range in practice
is limited not by the quantization block, but only by the
voltage supply to the sample-and-hold and modulo circuits,
which could be as high as allowed by the process technology.
Our contributions are on the design and validation front, and
quantization noise analysis.
To begin with, we present the signal model and a prin-
cipled method to reconstruct the signal from the modulo
measurements (Section II). The proposed UDR-ADC consists
of three main blocks: (i) a sample-and-hold (S/H) circuit; (ii)
a modulo circuit that wraps the input to the predefined range
[−Vref , Vref ]; and (iii) the quantization circuit. Blocks (i) and
(iii) are part of any standard ADC. In principle, a standard
ADC could be converted into a UDR-ADC by plugging the
modulo circuit in between Blocks (i) and (iii). The details of
the design are presented in Section III. A counter keeps track
of the reset information. However, it is not necessary to trans-
mit the counter bits. The counter encodes the reset information
in only two bits assuming that the signal does not change by
more than ±2Vref between two consecutive sampling instants.
This assumption is reasonable and is directly related to the
growth rate of the input signal and the sampling rate. This
also significantly reduces the A/D conversion time since the
counter can make use of the previous sample reset information.
Further, circuit simulation results and a hardware prototype
made of discrete components employing the quantization
module of a successive approximation register (SAR)-ADC
are also presented (Section IV) as proof of concept.
The advantages of a UDR-ADC in terms of the area and
power requirements are analyzed in Section V. The power
consumption of the proposed architecture is significantly less
compared with standard ADCs while maintaining nearly the
same area. A performance assessment in terms of the signal-
to-quantization-noise ratio (SQNR) considering three input
signal distributions (uniform, Gaussian, and Laplacian) shows
that there is a large operating range where the UDR-ADC
outperforms the standard ones (Section V-C).
II. SIGNAL MODEL FOR MODULO SAMPLING
Let x[n] denote the samples of the input signal x(t) and let
y[n] denote the modulo measurements. The sequence x[n] can
be expressed as the sum of y[n] and a discrete-time piecewise-
constant signal z[n]:
x[n] = y[n] + z[n], (3)
z[n] =
∑
k
αk1[nk,nk+1][n], (4)
where z[n] is an integer multiple of 2Vref and 1[n1,n2] is
the discrete-time indicator of the interval [n1, n2]. The reset
3(a)
(b)
0
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Fig. 3: [Color online] Illustration of reconstruction of the
original signal from the modulo measurements and reset
information: (a) original signal samples x[n] and the corre-
sponding modulo samples y[n]; (b) reset information d[n];
and (c) the discrete-time piecewise-constant signal obtained
by a cumulative sum of d[n] and the reset instants {nk}.
The various sequences are related as x[n] = y[n] + z[n].
The sequences are in discrete-time domain, but their plots are
shown in a continuous fashion to aid readability.
instants {nk}k∈Z are ordered, i.e., nk > nk−1. Figure 3
illustrates the signal model, wherein the reset information is
encoded in d[n], which is a series of impulses. The piecewise-
constant signal z[n] is obtained by accumulating d[n] as
z[n] = 2Vref
n∑
k=−∞
d[k].
Developing reconstruction algorithms for modulo sampling
caught the attention of the signal processing community start-
ing from the recent work of Bhandari et al. [17]–[19]. We
developed a robust reconstruction algorithm using wavelets
based on a certain regularity assumption on the ground-truth
signal [20]. These approaches, despite their robustness and
accuracy of reconstruction, require a significantly oversampled
input. The reconstruction algorithms are capable of estimating
{nk} from y[n] alone provided that x(t) is sufficiently over-
sampled, i.e., the reset information is not encoded separately.
On the contrary, in the proposed UDR-ADC architecture, the
oversampling requirement is relaxed to a large extent as the
reset information is separately encoded. At every sampling
instant, the input is either within [−Vref ,+Vref ] or outside
of it. Whenever it goes outside of [−Vref ,+Vref ], it could be
doing so either with a positive slope or a negative slope. These
three possibilities are encoded as: no reset, positive reset, or
a negative reset. With respect to Fig. 3(b), the positive resets
occur at n1, n5, n6 and n7, whereas the negative ones occur
at n2, n3, and n4. Every sample has two bits dedicated for
encoding the reset information and the remaining n−2 bits are
used for quantizing the amplitude. Although it might appear
that more quantization noise is introduced in the process, it
turns out that this scheme offers a clear advantage when the
input signal swings outside the quantizer dynamic range. The
details are deferred until Section V-C.
A. Sampling Rate Considerations
Since UDR-ADC performs a modulo operation on the input
signal samples x(nT ), T being the sampling period, there is an
inherent nonuniqueness in the input-output mapping, i.e., the
output samples given by y (nT ) =MVref {x (nT )+m2Vref}
are the same for all m ∈ Z+. In order to avoid this scenario,
we arrive at a sufficient condition on the sampling period T
such that the measurements do not change by more than 2Vref
in a sampling interval. Let us assume that the input signal
x(t) is Lipschitz-continuous, i.e., x(t) satisfies the property:
|x(a) − x(b)| ≤ α|b − a|, for some α ∈ R+ and ∀a, b ∈
R; the parameter α is the Lipschitz constant. Effectively, this
property places a restriction on the growth-rate of the signal.
The sufficient condition is obtained by enforcing that
|x ((n+ 1)T )− x(nT )| ≤ αT ≤ 2Vref , ∀ n,
⇒ T ≤ 2Vref
α
. (5)
We would like to emphasize that there is no constraint of
bandlimitedness in the preceding calculation. However, for
the specific case of bandlimited signals also, one could use
a similar growth-rate property [21] and derive a sufficient
condition on T .
III. UNLIMITED DYNAMIC RANGE ADC ARCHITECTURE
As alluded to in Section I-B, the UDR-ADC consists of
three blocks: (i) sample-and-hold circuit, (ii) modulo circuit,
and (iii) quantizer. In this section, we present the operational
details of the various blocks.
A. The Modulo Circuit
The modulo circuit (cf. Fig. 4) performs a modulo on the
input Vin and results in the output Vmod =MVref {Vin} as per
(2). With respect to Fig. 3, Vin = x[n], Vmod = y[n]. The input
and output of the modulo circuit are sampled analog signals,
i.e., real-valued signals defined in discrete-time. The modulo
is performed with respect to 2Vref , which is either added to
or subtracted from Vin, depending on the sign of Vin, and is
performed by sub-block (a) in Fig. 4. An opamp (sub-block
(b)) compares the result Vmod with the reference voltage Vref
to determine whether it is within the range [−Vref , Vref ] or
not. The logic to enable or disable addition or subtraction of
2Vref to Vin is performed by sub-block (c). The modulo circuit
utilizes a counter and a feedback mechanism to perform these
operations. The counter operates at a higher clock frequency
(CLK_CNT ) than the sample-and-hold circuit (CLK_SH)
and keeps track of the number of times 2Vref has been
added to or subtracted from Vin. To start with, the counter
output CNT_OUT is set to zero and is enabled by making
CNT_EN high. The signals SIGN_IN and SIGN_MOD
represent the polarities of Vin and Vmod, respectively. For
instance, if Vin is positive, SIGN_IN will be high, otherwise
it will be low. As the counter output is unsigned, during
feedback, CNT_OUT is multiplied with ±2Vref based on
SIGN_IN .
The input Vin obtained using a sample-and-hold circuit is
fed to the subtractor and its output (Vmod) is compared with
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Fig. 4: (Color online) A system-level block diagram of the proposed UDR-ADC and the details of the modulo circuit. The
modules highlighted in red operate at Vcc, which could be as high as allowed by the process technology, whereas the other
blocks operate at Vref < Vcc.
TABLE I: Truth-table for the counter and reset logic. ∆CNT_OUT indicates the change in CNT_OUT and ∆ z denotes
the change in z.
EoM SIGN_MOD SIGN_IN ∆CNT_OUT ∆z Reset R1R0
0 1 1 +1 +2Vref Positive 01
0 0 1 −1 −2Vref Negative 11
0 1 0 −1 +2Vref Positive 01
0 0 0 +1 −2Vref Negative 11
1 × × 0 0 No reset 00
the reference voltage (±Vref ) using an opamp comparator.
If |Vmod| < |Vref |, it indicates the end of modulo (EoM )
operation, and EoM goes high keeping the counter output
unchanged. On the other hand, if |Vmod| > |Vref |, the EoM
signal will be low and the CNT_OUT is either incremented
or decremented based on the signs of Vmod and Vin according
to the truth-table given in Table I.
Based on the sampling rate consideration, CNT_OUT
may change by ±1 or remain unchanged compared with its
previous value. Thus, the modulo circuit takes a maximum
of two cycles of CLK_CNT in order to generate the result
Vmod. After the modulo is completed, CNT_EN goes low,
and QNT_EN goes high in order to activate the quantization
block. The sample-and-hold circuit should hold the input
sample Vin for at least two cycles of the counter clock
CLK_CNT and the delay τ introduced by the quantization
block, i.e., TCLK_SH ≥ 2TCLK_CNT +τ , where T{·} denotes
the corresponding time period. The synchronization circuit
ensures that the data transfer between sub-block (c) and the
Reset logic block is synchronized.
B. Operation of the Reset Logic Block
As mentioned in Section II, two bits R1R0 are employed
to encode the three reset possibilities (positive reset, negative
reset, or no reset). For every input sample, at the end of the
modulo operation, the CNT_OUT value is compared with
that of the previous sample and encoded using R1R0. The
‘reset’ logic and the corresponding truth-table are shown in
Fig. 4 and Table I, respectively. The column ∆z in the truth-
table denotes the change in the signal value that is fed to the
subtractor circuit in sub-block (a) of Fig. 4, and corresponds
to the change in z[n] (cf. Fig. 3(c) for z[n]).
Next, we present details of the quantization circuit employ-
ing the SAR module. Since the modulo circuit is generic, one
could also employ the quantization blocks of flash or dual-
slope ADCs instead of SAR.
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Fig. 5: Schematic representation of a SAR UDR-ADC. The SAR quantization block operates on bipolar input voltages. The
quantized bits of interest are (DN−1DN−2 · · ·D0), D0 being the LSB and DN−1 being the MSB.
C. SAR UDR-ADC
A SAR ADC employs binary search for discretizing an
analog signal. It utilizes a comparator that successively com-
pares its input Vmod (which is the output of the modulo
circuit) with the output of a digital-to-analog converter (DAC),
thereby setting the registers appropriately and arriving at the
corresponding quantization level. Figure 5 shows a system-
level block diagram of the proposed SAR UDR-ADC. The
SAR has N bits (D0, D1, · · · , DN−1) for quantization and
a sign bit (SIGN_MOD) to indicate the polarity of the
input. The proposed quantization circuit can deal with both
positive and negative signal voltages unlike the conventional
SAR model. We next analyze the operation of the quantizer
based on the polarity of Vmod.
Case 1: Vmod ≥ 0
In this case, SIGN_MOD goes high and a DAC converts the
SAR value to its analog counterpart VDAC , which is compared
with Vmod (cf. Fig. 5). The SAR bits are set/reset appropriately
to arrive at a suitable digital representation of Vmod and at the
end of the digitization operation, the end-of-conversion (EoC)
signal goes high. The operation in this case is similar to that
of a conventional SAR ADC.
Case 2: Vmod < 0
In this case, SIGN_MOD goes low and the reference voltage
of the DAC is changed to −Vref . Initially, the SAR is set
to (100 · · · 00) and the DAC output VDAC is compared with
Vmod. If |Vmod| > |VDAC |, the MSB of SAR is retained as
1, else it is set to 0. The conversion operation as in Case 1 is
repeated to get an equivalent N -bit representation of |Vmod|.
At the end of the operation, the EoC pulse goes high and the
SAR output is inverted. To get the digital equivalent of Vmod,
inside the SAR block, XOR operation is performed on each
of the SAR output bits with that of SIGN_MOD bit.
IV. EXPERIMENTAL RESULTS
In this section, we present circuit simulations and a func-
tional UDR-ADC realized using discrete components.
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Fig. 6: [Color online] CMOS circuit simulation results: The
top plot shows the input analog signal (a sum of sinusoids) and
the modulo samples of the UDR-ADC. The plot of the modulo
samples must be read with the help of the y-axis shown on the
right-hand side, which corresponds to a 9-bit representation.
The bottom plot shows the signal reconstructed from the UDR-
ADC measurements.
A. Circuit Simulation
We implemented the SAR UDR-ADC in Cadence design
environment with 65 nm CMOS process technology. A
double-buffered sample-and-hold circuit with CMOS switch
was implemented as per the design by van de Plassche
[22]. The subtractor and multiplier were implemented using
opamps. A two-stage unity-gain Miller-compensated opamp is
realized based on the design proposed by Allen and Holberg
[23]. Digital circuits such as SAR, counter, and reset logic
are modeled in Verilog. A total of 11 bits per sample are
allocated for A/D conversion, out of which, 9 are used for
quantization and 2 for encoding the reset information. An
R-2R binary ladder is used as the DAC. Multiplication of
CNT_OUT with ±2Vref is achieved by multiplying ±Vref
with CNT_OUT value left-shifted by 1 bit. This eliminates
the need for a separate voltage source operating at ±2Vref .
To illustrate the performance of the circuit, we first consider
a sum of sinusoids consisting of frequencies 70, 30, 200,
and 300 Hz. The maximum amplitude of the input is 1.2
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Fig. 7: [Color online] UDR-ADC CMOS circuit simulation results with a speech signal as the input: (a)-(c) Time-domain
waveforms; and (d)-(f) the corresponding spectrograms. The signal-to-reconstruction-error ratio is 63.36 dB, indicating a
high accuracy. The reconstruction error is largely due to quantization noise, which could be seen in the spectrogram of the
reconstructed signal (dashed box).
V and the reference voltage of the UDR-ADC is set to 0.2
V. The operating frequency of the sample-and-hold circuit
is chosen as 53 kHz. Figure 6 shows the input signal, the
output samples of the UDR-ADC, and the reconstructed
signal. The figure shows that the proposed circuit is capable
of successfully implementing the modulo operation. The
reconstruction from the modulo measurements and the reset
information is also accurate. The accuracy is quantified by
comparing the reconstruction against the input signal sampled
at 53 kHz and quantized using 32 bits per sample. The
signal-to-reconstruction-error ratio was computed to be 75.24
dB, which indicates a high accuracy.
The next illustration employs a speech signal of bandwidth
4 kHz as the input. The reference voltage of the ADC is set
to 0.2 V, whereas the maximum voltage of the input signal
is 1.2 V. Figures 7(a)-(c) show the input speech signal, the
modulo samples, and the reconstructed signal, respectively.
The corresponding spectrograms are shown in Figures 7(d)-
(f). The signal-to-reconstruction-error ratio in this case turned
out to be 63.36 dB.
B. Hardware Prototype
The block diagram that forms the basis for our prototype
is shown in Fig. 8(a). We employed a standard SAR-ADC
integrated circuit (IC) MCP3008 from Microchip Technology
as it has the flexibility to choose the reference voltage as
high as the power-rails. Since MCP3008 can handle only
positive-valued inputs, the prototype is designed to handle
only such inputs. The SAR-ADC is interfaced with the rest
of the circuit using an ATmega328P microcontroller by serial
peripheral interface (SPI) protocol and is programmed to
work at 200 kilo samples per second. The subtractor circuit
is implemented using Texas Instrument’s standard LM741
opamp and the offset voltages of the IC are adjusted by a
trimming potentiometer provided in the IC. The circuit is
built to accommodate up to three resets per sample (i.e., a
folding factor of 3). To achieve the reset operation, a 4 × 2
analog multiplexer IC 74HC4052 is employed (cf. Fig. 8(a)).
A single power-rail IC LM328 is used as the comparator for
the end of modulo (EoM ) as well as for the polarity of
Vmod (SIGN_MOD). Based on EoM and SIGN_MOD,
the counter implemented in ATmega328P is either incremented
or decremented appropriately. The control bits S0 and S1 for
the multiplexer are provided depending on the counter output.
The control bits also act as the reset bits. The prototype
UDR-ADC is shown in Fig. 8(b). For illustration, a signal
consisting of a mixture of sinusoids is given as the input to
the prototype. Figure 8(c) shows the input signal (measured
by a digital storage oscilloscope), the corresponding modulo
samples (output of the UDR-ADC), and the reconstructed
signal (in MATLAB). The hardware implementation results
reaffirm the inferences made from circuit simulations.
V. PERFORMANCE ANALYSIS
In this section, we compare the performance of the UDR-
ADC vis-à-vis a standard ADC in terms of the area and power
requirements, and signal-to-quantization-noise ratio (SQNR).
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Fig. 8: Hardware prototype of a 12-bit UDR-ADC demonstrating real-time implementation: (a) Block diagram; (b) A picture
of the circuit board; and (c) Results pertaining to a sum-of-sinusoids input. The peak input amplitude is chosen as 5 V and
the reference voltage Vref = 1.65 V, which results in a maximum of three resets per sample.
Denote the folding factor as λ = Vmax/Vref , where Vmax is
the maximum amplitude of the input analog signal and Vref is
the reference voltage of the UDR-ADC with respect to which
the modulo happens. For instance, λ = 4 indicates that the
input signal amplitude is more than 4Vref .
A. Area
The area required by an ADC is measured in terms of the
transistor count, which in turn depends on the number of bits
used for digitization. Let n1 be the number of bits employed
in a UDR-ADC, corresponding to which the quantization step
is given by
∆UDR =
2Vref
2n1
. (6)
Let n2 be the number of bits employed in a flash ADC
corresponding to the same quantization step size, i.e.,
∆STD =
2Vmax
2n2
= ∆UDR =
2Vref
2n1
,
2n2−n1 =
Vmax
Vref
= λ. (7)
Considering Vmax ≥ Vref , the number of bits required by a
flash ADC is given by
n2 = n1 + dlog2 λe, (8)
which is dlog2 λe bits more than that of a UDR-ADC for the
same quantization step-size.
In a standard flash ADC, the area increases exponentially
84 5 6 7 8 9 10 11
ADC Resolution (in bits) 
0
0.5
1
1.5
2
Ar
ea
 (T
ran
sis
tor
 C
ou
nt)
10 4
STANDARD ADC
UDR ADC  = 2
UDR ADC  = 4
UDR ADC  = 8
UDR ADC  = 16
Fig. 9: [Color online] A comparison of the area required for
the standard flash ADC and the flash UDR-ADC for different
folding factors (λ) as a function of the number of bits. The
UDR-ADC has a significantly lower area than the standard
ADC.
with the number of bits as it requires 2n2−1 comparators and
2n2 resistors. On the other hand, a UDR-ADC requires less
number of bits n1 (cf. (8)), which in turn reduces the number
of comparators and resistors required. Also, with an increase
in the folding factor λ, the area required by the UDR-ADC
further reduces as shown in Fig. 9 for various folding factors.
As λ increases, the area utilized by the additional circuitry
required to perform the modulo operation also increases, but
the increase is small compared to the total area.
B. Power
Since the sample-and-hold circuit is common to both ADCs,
we restrict the comparison to the quantization block. The dy-
namic power dissipation Pd(STD) in an ADC is proportional to
the supply voltage Vs(STD) and the operating clock frequency
fclk(STD) as given by
Pd(STD) ∝ V 2s(STD)fclk(STD). (9)
For a given quantization step-size, the reference voltage of a
UDR-ADC (Vref ) could be made lower than the threshold of
the standard ADC. Hence, the voltage supply Vs(UDR) to the
quantization block of a UDR-ADC could also be made lower
than that of the standard ADC by the folding factor λ, i.e.,
Vs(UDR) =
Vs(STD)
λ
. (10)
Consequently, the overall dynamic power dissipation in the
quantizer of a UDR-ADC is given by
Pd(UDR) ∝ V 2s(UDR)fclk(UDR) =
V 2s(STD)fclk(STD)
λ2
,
Pd(UDR) =
Pd(STD)
λ2
, (11)
which is λ2 times lesser than that of standard ADC. The price
to pay for the reduced power of the quantizer is the power
dissipation in the modulo circuit in a UDR-ADC.
Figure 10 shows plots of the dynamic power dissipated
for a unit capacitance. The dynamic power dissipation of the
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Fig. 10: [Color online] A comparison of the dynamic power
dissipation in a standard ADC versus UDR-ADC for different
folding factors (λ) as a function of the voltage resolution or
equivalently, the quantization step-size.
standard ADC is higher than that of UDR-ADC for a given
quantization step-size. As the folding factor increases, the
dynamic power dissipation of the UDR-ADC decreases.
The static power dissipation is directly proportional to the
transistor count. Since the area required in a UDR-ADC is
smaller than that of the standard ADC (as discussed in Section
V-A), the static power dissipation is lower in a UDR-ADC.
C. Signal-to-Quantization Noise Ratio
Signal-to-quantization-noise ratio is an important parameter
used to evaluate the performance of an ADC. It is defined as
SQNR =
Signal variance
Quantization noise variance + Overload distortion
.
The quantization noise is a function of the threshold of
the ADC and the number of bits used for digitization. A
standard ADC introduces quantization noise and also overload
distortion when the input signal amplitude exceeds Vref ,
whereas the UDR-ADC introduces only quantization noise.
But then, the UDR-ADC requires two bits for encoding the
reset information. Hence, the SQNRs are not the same and
depend on the parameters Vref , Vmax, n, and the distribution
of the input signal amplitudes. In this work, we consider
three types of input distributions: uniform, Gaussian, and
Laplacian, and confine the analysis to the uniform quantization
scheme. Table II summarizes the SQNRs for the various
input distributions. The derivations of the SQNR formulae
are provided in Appendix A. Figure 11 depicts the SQNR
trends versus the loading factor γ for various distributions.
The loading factor is a measure of how much in excess of
Vref the input signal swings, and is defined as γ =
Vref
σx
,
where σx is the standard deviation of the input distribution
under consideration [24]. It may be noted that the loading
factor axis is reversed, which is in keeping with the convention
[24].
1) Uniform Distribution: In this case, let the dynamic
range of the input signal be limited to [−Vmax, Vmax], which
corresponds to a standard deviation of Vmax√
3
. Whenever the
loading factor γU >
√
3, there is no overload distortion as
9TABLE II: SQNR for the standard and UDR-ADCs for three input distributions. In the case of the standard ADC, all n bits
are used for quantization, whereas in the case of the UDR-ADC, n− 2 bits are used for quantization and the remaining 2 bits
for encoding the reset information. The loading factor γ = Vrefσx , where σx is the standard deviation of the input.
SQNR Uniform distribution Gaussian distribution Laplacian distribution
Standard
ADC
1
γ2
3 (22n) +
(
1− γ√
3
)3
1γ∈[0,√3]
1
γ2
3 (22n)
+ ψ(γ)
cf. (13) of Sec. A.3 for ψ(·)
1
γ2
3 (22n)
+ e−
√
2γ
UDR-ADC
3 (22n)
16γ2
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STANDARD ADC
UDR ADC
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After using common definition of loading factor for all distributions
Fig. 11: [Color online] SQNR versus loading factor γ for various input distributions. The number of bits (n) used for quantization
are color-coded and indicated at the extreme right of the figure. The solid lines correspond to the standard ADC and the
dashed lines correspond to the UDR-ADC. The shaded areas in the figure panels highlight the region in which the UDR-ADC
outperforms the standard ADC.
the dynamic range of the signal is well within the saturation
threshold of the standard ADC. Hence, the SQNR depends
only on the quantization noise variance. Since n and n − 2
bits are used for quantization in the standard and UDR-ADCs,
respectively, the quantization noise is less in the case of the
former. Consequently, the SQNR is higher for the standard
ADC whenever γU >
√
3.
Next, consider the case where γU ≤
√
3, i.e., there is both
quantization noise and overload distortion in a standard ADC.
The UDR-ADC does not suffer from overload distortion by
design and is expected to have a higher SQNR. However,
since the number of bits available for quantization is two less
than that of a standard ADC, there is a transition region in
which the quantization noise of UDR-ADC is more than the
quantization noise and the overload distortion put together of
a standard ADC. Beyond this region, the UDR-ADC offers
dramatic SQNR gains over the standard ADC. The cross-over
point is a function of the number of bits. The regions beyond
the cross-over where the UDR-ADC can be gainfully deployed
are highlighted in the figures.
2) Gaussian and Laplacian Distributions: In several prac-
tical applications, the probability distribution of the input
signal amplitudes is modeled as a Gaussian or a heavy-tailed
distribution such as the Laplacian. For higher values of the
loading factor, the overload distortion in the case of standard
ADC is negligible and hence the SQNR of the standard ADC
is better than that of the UDR-ADC. On the contrary, for large
input variance, or equivalently, a high input dynamic range, the
SQNR of the standard ADC deteriorates and drops below that
of the UDR-ADC. The SQNR curves for different values of n
are shown in Fig. 11. Again, the shaded areas are the operating
regions where the UDR-ADC offers a clear advantage over the
standard ADC. One can also observe that, for a given loading
factor, the SQNR gain of UDR-ADC over a standard ADC
is more for the Laplacian distribution than the Gaussian. This
is expected because the Laplacian has a heavier tail than the
Gaussian, which results in a higher probability of a larger
dynamic range.
VI. CONCLUSIONS AND OUTLOOK
We proposed a novel ADC with the self-reset feature, which
allows for an unlimited dynamic range at the input. The self-
reset happens by means of a modulo sampler, and a pair
of dedicated bits that encode the reset information. Given
the modulo samples and the reset information, the recon-
struction is straightforward. As an illustration, we showed
how a SAR-ADC could be converted to a UDR-ADC by
introducing the modulo circuit between the sample-and-hold
and the quantization blocks. The proposed architecture was
simulated using 65 nm CMOS technology in Cadence design
environment. Simulation results showed that the quality of
signal reconstruction from the modulo measurements is highly
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accurate. A hardware prototype built using discrete compo-
nents further supported the feasibility of a real-time realization.
A performance assessment in terms of the area, power, and
SQNR showed that the proposed UDR-ADC has definitive
advantages over the standard ADCs thus making it an ideal
candidate for applications requiring a high dynamic range, low
area, and low power.
The UDR-ADC proposed in this paper employed a modulo
circuit whose input and output are sampled analog signals,
i.e., unquantized signal amplitudes defined in discrete-time.
Hence, it was placed exactly in between the sample-and-hold
and the quantization blocks. On the other hand, if one were
to realize the modulo circuit in the continuous-time domain, it
could simply precede an existing ADC thereby enabling ready
conversion to a UDR-ADC.
APPENDIX A
DERIVATION OF SQNR FORMULAE
Let the input signal dynamic range be [−Vmax, Vmax]. The
saturation level of the standard ADC, which is also the self-
reset threshold of the UDR-ADC, is denoted by Vref , and the
number of bits used for quantization in a standard ADC is
denoted by n. In a UDR-ADC, since two bits are used for
encoding the reset information, the number of bits available
for quantization is n − 2. Considering uniform quantization,
the step-size is ∆STD =
2Vref
2n for the standard ADC and
∆UDR =
2Vref
2n−2 =
8Vref
2n for the UDR-ADC. The loading fac-
tor is defined as γ = Vrefσx , where σx is the standard deviation
of the input distribution. Considering high-rate quantization,
the quantization noise is modeled as a uniformly distributed
random variable.
A.1 SQNR for UDR-ADC
For all the three signal distributions, the quantization noise
variance for the UDR-ADC is given by σ2q,UDR =
∆2UDR
12 =
16V 2ref
3 (22n) . As there is no overload distortion in UDR-ADC, the
SQNR is given by
SQNRUDR =
σ2x
σ2q,UDR
=
σ2x
16V 2ref
3 (22n)
=
3(22n)
16γ2
.
A.2 SQNR for Standard ADC – Uniform Input Distribution
Consider the uniform distribution f(x) = 12Vmax , x ∈
[−Vmax, Vmax], and 0 otherwise. The input variance is σ2x =
V 2max/3. The quantization noise variance is given by
σ2q,STD =
∆2STD
12
=
V 2ref
3 (22n)
and the overload distortion is given by
σ2ov,STD = 2
∫ Vmax
Vref
(x− Vref )2 fx(x) dx,
= σ2x
(
1− γ√
3
)3
.
The SQNR for the standard ADC is
SQNRSTD =
σ2x
σ2q,STD + σ
2
ov,STD
,
=
1
γ2
3 (22n) +
(
1− γ√
3
)3
1γ∈[0,√3]
,
where 1γ∈[0,√3] is the indicator function, which reflects the
fact that the overload distortion contributes to SQNR only
when γ ∈ [0,√3].
A.3 SQNR for Standard ADC – Gaussian Distributed Input
Next, consider the input to follow the Gaussian distribution
f(x) = 1√
2piσ2x
e
− x2
2σ2x , x ∈ R, with mean zero and variance
σ2x. Under the assumption of high-rate quantization, the quanti-
zation noise is approximately uniform and its variance is given
by
σ2q,STD =
∆2STD
12
=
V 2ref
3 (22n)
.
The overload distortion is given by
σ2ov,STD = 2
∫ ∞
Vref
(x− Vref )2 fx(x) dx,
(by a change of variable)
=
1√
2pi
∫ ∞
Vref/σx
(xσ2x − Vref )2 e−x
2/2 dx,
=
σ2x√
2pi
∫ ∞
γ
x2 e−x
2/2 dx︸ ︷︷ ︸
I1
− 2Vrefσx√
2pi
∫ ∞
γ
x e−x
2/2 dx︸ ︷︷ ︸
I2
+
V 2ref√
2pi
∫ ∞
γ
e−x
2/2 dx︸ ︷︷ ︸
I3
. (12)
One can readily verify that
I1 = σ
2
x
(
γ√
2pi
e−γ
2/2 +Q(γ)
)
,
I2 = σ
2
x γ
√
2
pi
e−γ
2/2, and
I3 = V
2
refQ(γ),
where Q(x) = 1√
2pi
∫∞
x
e−ξ
2/2 dξ. Substituting the above
expressions for I1, I2, and I3 in (12) and simplifying gives
σ2ov,STD = σ
2
x
(1 + γ2)Q(γ)− 1√
2pi
γe−γ
2/2︸ ︷︷ ︸

ψ(γ)
. (13)
Thus, the SQNR turns out to be
SQNRSTD =
σ2x
V 2ref
3 (22n) + σ
2
xψ(γ)
=
1
γ2
3 (22n) + ψ(γ)
.
A.4 SQNR for Standard ADC – Laplacian Distributed Input
Consider the input to be Laplacian distributed with mean
zero and variance σ2x = 2λ
2. The Laplacian p.d.f. is given by
11
f(x) = 12λ e
− |x|λ , x ∈ R. The quantization noise variance is
given by σ2q,STD =
∆2STD
12 =
V 2ref
3 (22n) . The overload distortion
is given by
σ2ov,STD = 2
∫ ∞
Vref
(x− Vref )2 fx(x) dx,
=
1
λ
∫ ∞
Vref
(x− Vref )2 e−|x|/λ dx,
=
1
λ
∫ ∞
Vref
x2 e−x/λ dx︸ ︷︷ ︸
J1
− 2Vref
λ
∫ ∞
Vref
x e−x/λ dx︸ ︷︷ ︸
J2
+
V 2ref
λ
∫ ∞
Vref
e−x/λ dx︸ ︷︷ ︸
J3
. (14)
The integrals evaluate to the following:
J1 = V
2
refe
−Vref/λ + 2λVrefe−Vref/λ + 2λ2e−Vref/λ,
J2 = 2V
2
refe
−Vref/λ + 2λVrefe−Vref/λ, and
J3 = V
2
refe
−Vref/λ.
Substituting for J1, J2, and J3 in (14) and simplifying yields a
compact expression for the variance of the overload distortion:
σ2ov,STD = 2λ
2e−Vref/λ = σ2x e
−√2γ .
Correspondingly, the SQNR is
SQNRSTD =
σ2x
V 2ref
3 (22n) + σ
2
x e
−√2γ
,
=
1
γ2
3 (22n) + e
−√2γ .
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